Summary: The U1 small nuclear ribonucleoprotein particle (snRNP) is a target of autoreactive B cells and T cells in several rheumatic diseases including systemic lupus erythematosus (SLE) and mixed connective tissue disease (MCTD). We propose that inherent structural properties of this autoantigen complex, including common RNA-binding motifs, B and T-cell epitopes, and a unique stimulatory RNA molecule, underlie its susceptibility as a target of the autoimmune response. Immune mechanisms that may contribute to overall U1-snRNP immunogenicity include epitope spreading through B and T-cell interactions, apoptosis-induced modifications, and Toll-like receptor (TLR) activation through stimulation by U1-snRNA. We conclude that understanding the interactions between U1-snRNP and the immune system will provide insights into why certain patients develop anti-U1-snRNP autoimmunity, and more importantly how to effectively target therapies against this autoimmune response.
Introduction
Chronic inflammatory rheumatic diseases are often characterized by serum autoantibodies directed against ubiquitous nuclear components. RNA-associated molecules are a class of autoantigens that includes small nuclear ribonucleoprotein particles (snRNPs), RNA polymerases, SS-A ⁄ Ro, SS-B ⁄ La, tRNA synthetases, signal recognition particle (SRP), and others (1) . Autoantibodies that recognize snRNPs have been described in a cadre of rheumatic diseases including systemic lupus erythematosus (SLE), mixed connective tissue disease (MCTD), inflammatory myositis, and systemic sclerosis (SS). In fact, snRNPs were originally identified as factors that bound to autoantibodies in SLE and MCTD patient sera (2) (3) (4) . There has been a major effort to elucidate the role of anti-snRNP autoimmunity in these rheumatic diseases. While we have learned a great deal about RNA-associated autoantigens over the last few decades, it is still not clear whether snRNP complexes initiate or drive autoimmunity or if reactivity to snRNPs is a product of misguided immune processes. Importantly, these questions are not unique to autoantibodies that recognize RNA-containing antigens. Rather the role of antigenic properties in driving autoimmunity is relevant across many self-antigens that are involved in autoimmune disease. For example, in early stages of rheumatoid arthritis (RA), autoantibodies are detected against proteins that are citrullinated, which is a posttranslational modification (5) . Increases in citrullinated proteins are observed in inflamed joints in the collagen-induced arthritis (CIA) model for RA and in brain tissue in the experimental autoimmune encephalomyelitis (EAE) model for MS, suggesting that citrullination is involved in these autoimmune responses (6) . Understanding how specific examples of autoantigen properties and modifications evoke autoantibody responses is important for informing our understanding of autoantibody development in general.
Here we focus on the autoimmune response against components of the U1-snRNP complex, with an emphasis on the protein U1-70K (also called U1-68K, U1-70, and U1-70 kD). Recently Pomeranz-Krummel et al. (7) determined the X-ray crystal structure of U1-snRNP to 5 Å resolution. This work motivates a fresh look into how structural properties of U1-snRNP contribute to the particles' autoantigenicity. We propose that inherent properties of U1-snRNP in part explain how it becomes a target of autoreactive immune cells: (i) motifs common to more than one protein within the U1-snRNP particle are B and T-cell targets; epitope spreading within the particle and to other RNA-associated antigens with similar motifs expands the autoimmune response; (ii) specific modifications during apoptosis alter structural features of the antigen, creating new epitopes to which the immune system has not been tolerized; and (iii) the RNA component of the U1-snRNP stimulates cells through Toll-like receptors (TLRs), leading to secretion of type I interferons (IFN-I) and autoantibody production.
In this review we explore the structure and modifications of U1-snRNP and the interaction between this splicing complex and the immune system during apoptosis and in cases of disease. Through this analysis, we can begin to understand the mechanisms that underlie autoimmunity to RNA-containing antigens and speculate about how to specifically and effectively design antigen-specific therapies to avoid anti-U1-snRNP pathogenic responses.
Structure and assembly of the U1-snRNP complex
The basic molecular biology and structure of the snRNPs informs our understanding of how the U1-snRNP becomes an antigenic target. This section provides background regarding snRNP structure and function. U1-snRNP is one of five snRNPs that comprise the mammalian spliceosome. The spliceosome is a large macromolecular machine responsible for processing pre-messenger RNA (pre-mRNA), whereby intronic sequences are removed, and protein coding sequences are ligated together to form mature RNA that is ready for translation into proteins (8) . The five snRNPs of the spliceosome are termed U1, U2, U4, U5, and U6. Each snRNP consists of a unique small nuclear RNA molecule, specific associated proteins, and seven common core proteins called Smith (Sm) proteins (Sm-B ⁄ Sm-B', Sm-D1, Sm-D2, Sm-D3, Sm-E, Sm-F, and Sm-G), named for the patient whose serum contained antibodies specific for the Sm complex (9) . Autoantibodies against Sm and what is referred to in clinical testing as 'RNP', which refers to U1-specific proteins and the U1-snRNA, are directed against distinct molecular entities. How the distinction between Sm and RNP was discovered is discussed later in more detail. Briefly, autoantibodies against Sm precipitate all the snRNP RNA molecules, as the Sm proteins are common to all five snRNPs, whereas anti-RNP autoantibodies precipitate only the U1 specific RNA but not the other unique RNA molecules (10) .
U1-snRNP is composed of U1-snRNA (also called the U1-RNA), the seven common core Sm proteins, and three U1-specific proteins (U1-70K, U1-A, and U1-C) (9) . The crystal structure of the U1-snRNP complex (7), together with previous structural and biochemical data, reveals how the molecules of this complex are assembled.
The U1-RNA molecule is 165 nucleotides in length and forms four stem loops that resemble an asymmetrical X-shape (7, 11) . The seven Sm proteins are bound to the Sm binding site on U1-RNA, which is located between stem loops 3 and 4, forming the particle core (7). The X-ray crystal structures of heteromeric Sm proteins (D1-D2) and (B-D3) led to an early model where the Sm proteins form a ring around the central RNA molecule (12) . This model was supported by a single particle electron microscopy (EM) structure of the U1-snRNP complex at 10 Å resolution that revealed a 'doughnut' shape composed of Sm proteins in a circular arrangement (13) . The recent crystal structure of U1-snRNP also supports the ring model, with interactions between the RNA backbone and Sm proteins stabilizing the core (7) . The implications of the immunogenicity of this large protein and nucleic acid complex will be discussed in further detail below.
U1-70K is a 437 amino acid polypeptide chain that contains an N-terminal domain of approximately 90 residues, an RNA binding domain roughly between residues 100-180, and a C-terminal domain containing serine ⁄ arginine (SR) repeats (14, 15) . U1-A is 282 amino acids in length and is comprised of two RNA-recognition motifs and an intervening prolinerich domain (16, 17) . Both U1-70K and U1-A contain a conserved 80 amino acid RNA binding motif (RNP-80), and have the capacity to directly bind U1-snRNA as individual molecules (18) (19) (20) . U1-70K binds to stem loop 1 of U1-RNA, and the N-terminal RNA binding domain of U1-A binds to stem loop 2 (7, 21) . The U1-C protein is a 159 amino acid polypeptide chain with an N-terminal zinc finger-like sequence and a C-terminal region rich in methionine and proline residues. Unlike U1-70K and U1-A, U1-C does not contain an RNA recognition motif and cannot bind to U1-RNA alone. Rather, the N-terminal portion of U1-70K is necessary and sufficient for U1-C binding to the core (15) .
Early EM studies have suggested that U1-70K is positioned closer to the 5¢ end of the U1-RNA molecule within the U1-snRNP complex (22) . These observations are consistent with the most recent U1-snRNP structure, where U1-70K wraps around the core domain, with the N-terminal domain located near the 5¢ end of U1-RNA. The N-terminal portion of U1-70K together with the C-terminal domain of Sm-D3 creates a binding groove for the U1-C helix (7) . The physical associations between U1-70K, U1-A, U1-C, and U1-RNA will be important later in this review for understanding how autoantibody and T-cell recognition spreads between these molecules.
In 1980, Lerner and Steitz (23) hypothesized that U1-RNA recognized pre-mRNA and was involved in splicing, based on sequence similarity between U1-RNA and sequences in splice junctions. They observed that snRNPs were highly conserved from human to insects and were most abundant in metabolically active cells (23) . Interestingly, in the crystal structure of the U1-snRNP complex, the 5¢ end of U1-RNA from one complex forms base pairs with the 5¢ end of U1-RNA in an adjacent complex (7) . The authors speculated that this might represent a snapshot of how U1-RNA interacts with the 5¢ splice site on pre-mRNA. In addition, one of the helices of U1-C binds across the minor groove of the RNA-RNA interaction between the 5¢ ends of adjacent U1-RNA molecules, suggesting a role for U1-C in stabilizing base pairing (7) .
How the snRNP complexes assemble to form the spliceosome and catalyze the splicing of pre-mRNA is beyond the scope of this review, and has been extensively reviewed elsewhere (8, (24) (25) (26) . Briefly, U1-snRNP initiates assembly of the spliceosome onto pre-mRNA through binding to the 5¢ premRNA splice site, followed by the ATP-dependent binding of U2-snRNP at the branch site where cleavage occurs (8, 26) . The tri-snRNP complex consisting of U4, U5, and U6 is then recruited, followed by removal of U1 and U4 snRNPs (25, 27) . The complex rearranges to become catalytically active, and a two-step mechanism excises the intronic sequence as a lariat product and ligates the exon ends to generate a mature mRNA (8) . EM studies have been important in understanding the structures of spliceosome intermediates, which are difficult to crystallize due to sample heterogeneity, limited amounts of material, and instability over time (28) . Recent reviews have described what has been learned from EM structures of the spliceosome (28, 29) .
Another class of splicing factors, the serine ⁄ arginine rich (SR) proteins, can interact with the U1-snRNP complex and are found in co-immunoprecipitates from patient sera (30) . SR proteins are a highly-conserved family of splicing factors (31) that are involved in spliceosome assembly onto pre-mRNA, and are thought to enhance U1-snRNP binding to the 5¢ splice site (8) . The N-termini of SR proteins contain one or more RNA recognition motifs characteristic of many RNA binding proteins. The C-terminus contains at least one arginine ⁄ serine domain similar to those found in U1-70K (8) . SR proteins can interact with U1-70K and U2AF35 of the U2-snRNP complex, possibly acting as a bridge between components bound to the 5¢ and 3¢ splice sites on pre-mRNA (32). SR proteins have been shown to have distinct abilities to promote U1-snRNP interactions with alternative 5¢ splice sites, and are involved in the regulation of alterative splicing (33, 34) . SR proteins have themselves been identified as autoantigens in SLE. Their recognition is in part determined by the presence or absence of phosphate groups on serine residues in the SR domains (35) .
Detection of U1-snRNP autoantibodies
In 1971, Mattioli et al. (36) described sera from SLE patients that contained antibodies that recognized an RNase-and trypsin-sensitive 'ribonucleoprotein' isolated from calf thymus extract in immunodiffusion assays. In 1972, Sharp and colleagues (37) at Stanford prepared extractable nuclear antigens (ENA) from calf thymus and tested for ENA-reactivity in serum from patients with a variety of rheumatic conditions. They developed a hemagglutination assay, which was thought to be more sensitive than previous assays (37) . The hemmagglutination assay involved treating sheep red blood cells with tannic acid and passively adsorbing ENA or denatured DNA from purified calf thymus. Addition of serum with ENA reactivity resulted in agglutination of the red blood cells. In this seminal paper, reactivity to ENA was detected in 38 out of 71 (53.5%) SLE patients, and in all MCTD patients 25 ⁄ 25 (100%) (37) . The authors also noted that RNase abolished ENA reactivity in MCTD serum, while trypsin only partially reduced reactivity (37) . The subset of SLE sera that exhibited ENA reactivity did not recognize an RNase-or DNase-sensitive component, but the reactivity was modestly sensitive to trypsin (37) . Sharp and colleagues (37) observed a speckled antinuclear antibody pattern when testing serum samples from all MCTD patients that was also RNase-sensitive. These experiments identified an RNase-sensitive antigen recognized by serum from patients with a newly defined clinical entity, which they termed MCTD. The RNase-sensitive component of ENA was later defined as ribonuleoprotein (RNP or nRNP), and the RNase-resistant component was defined as the Sm antigen (38) .
These early studies were based on immunodiffusion, immunofluorescence, and hemagglutination assays ( Fig. 1-A,B,C) . One obvious limitation of these approaches is that they analyze reactivity to a large complex rather than specific polypeptides. Autoantibodies directed against many other antigens can produce a speckled nuclear staining pattern (39) . Although hemagglutination and immunodiffusion have generally been surpassed by more sensitive and specific assays, immunofluorescence patterns are used both in research and clinically to aid in the initial differential diagnosis of various rheumatic conditions (9) .
ENA reactivity was further characterized by immunoprecipitation of nuclear extracts from 32 P and 35 S-labeled cells to reveal the distinct reactivities attributable to anti-Sm and anti-RNP autoantibodies (10) (Fig. 1D) . Based on its reactivity to the U1-snRNP complex, the anti-RNP serum became known as anti-U1-RNP, anti-nuclear RNP (anti-nRNP), or small nuclear ribonucleoprotein (anti-U1-snRNP) (40, 41) . Several years later, Pettersson and colleagues (41) used immunoprecipitation and western blotting to demonstrate that three proteins, U1-70K, U1-A, and U1-C, contained the antigenic determinants of the U1-RNP. The anti-Sm patient sera and a mouse monoclonal anti-Sm antibody reacted with proteins Sm-B ⁄ B¢, Sm-D, and to a lesser extent Sm-E in the Smith complex (41) . These fundamental studies laid the foundation for future studies aimed at defining specific reactivity to individual snRNP antigens.
Early studies using enzyme-linked immunosorbent assays (ELISA) to detect antibodies to affinity-purified RNP, Sm, Ro (SSA), and La (SSB) predictably demonstrated increased sensitivity compared to previous methods (42, 43) . Subsequent studies demonstrated that recombinantly expressed antigens could also be used for ELISAs (44) . Commercial sources of antigens currently market both purified and recombinant protein preparations as well as synthetic peptides. Regardless of the technique used, assays for anti-RNP have demonstrated sensitivity ranging from 71% to 100% for the diagnosis of MCTD, depending on the criteria used for diagnosis (45) . Many clinical laboratories currently use either ELISA or western blot (Fig. 1E,F) , and this will likely be the trend for some time (9) .
Anti-U1-snRNP autoantibodies in disease
The prevalence of anti-RNP autoantibodies varies depending on the disease. Anti-RNP autoantibodies are detected in 30-40% of SLE patients and in nearly all MCTD patients, as anti-RNP reactivity is a criteria for the diagnosis of MCTD (9, 40, 46) . Antibodies specifically directed against U1-70K are found in 75-90% of MCTD patients and represent the most commonly detected U1-snRNP component; anti-U1-70K antibodies are found in only 20-50% of SLE patients whose serum is positive for anti-RNP (9, (47) (48) (49) . Antibodies against the RNA component of U1-snRNP are found in 38% of anti-RNP positive patient sera (9, 50) . In one study, anti-U1-A antibodies were detected in greater than 90% of anti-U1-snRNP sera from patients with rheumatic disease (50) . Overall, clinical testing for anti-RNP has been determined to be a good predictor of MCTD but not of SLE (45) . MCTD overlaps clinically with SLE, SS, inflammatory myopathy, and rheumatoid arthritis (RA). A detailed description of the pathogenesis of MCTD can be found in recent reviews (39, 40) . Briefly, clinical features of MCTD include Raynaud's phenomenon, arthritis, acrosclerosis, hand edema, mild myositis, and pulmonary involvement, with the primary cause of disease-related death resulting from pulmonary hypertension (39, 40, 51) . In the first description of MCTD, patients lacked serious renal or central nervous system (CNS) involvement but demonstrated inflammatory muscle disease, symptoms associated with SS, and responsiveness to corticosteroids (37) .
In patients with SS, the frequency of anti-RNP ranges from 2 to 14%, most often associated with overlapping connective tissue disease syndromes and a favorable response to corticosteroids (52) . SS patients with anti-RNP antibodies usually exhibit Raynaud's phenomenon (53) .
Anti-RNP autoantibodies are also found in patients with inflammatory myositis, a condition where skeletal muscle is damaged due to inflammation (54) . In a study comparing SLE patients with biopsy-proven myositis to SLE patients without myositis, a significant difference in the percentage of anti-RNP antibodies (80% and 21%, respectively) was observed (55) . Of the SLE ⁄ myositis patients, clinical features included Raynaud's phenomenon at the initial presentation (100%), interstitial lung disease (ILD) (100%), and erosive joint disease (60%).
It has been reported that myositis occurs in MCTD with varying frequencies ranging between 20 and 70% (56) . When patients with myositis and anti-RNP antibodies were compared to patients without anti-RNP, the anti-RNP positive group had a more favorable outcome, with symptoms of myositis subsiding with corticosteroid treatment (56) . While this particular cohort of patients with anti-RNP and myositis met diagnostic criteria for MCTD (56) , in another small series of five patients that had anti-RNP and inflammatory myositis, no patient met the MCTD diagnostic criteria (54) . None of the five patients exhibited Raynaud's phenomenon, three had destructive arthritis involving distal joints, and three had pulmonary manifestations (54) . As this is a very small series of patients, it is difficult to draw a conclusion about the relationship of anti-RNP, myositis, and MCTD. Nevertheless, these studies highlight the conflicting evidence for associations between autoantibodies and disease diagnoses, signs, and symptoms, and the need to better understand the clinical significance of anti-RNP autoantibodies.
One approach to explore the potential relationship between anti-U1-snRNP antibodies and disease activity has been to evaluate patient's samples over extended periods of time. In a longitudinal study of 47 MCTD patients followed over a period of 3-29 years (mean duration of followup was 15 years), all patients had autoantibodies against RNP and U1-70K. Of the patient's sera, 81%, 48%, 79%, and 14% recognized U1-A, U1-C, Sm-B ⁄ B¢, and Sm-D, respectively during periods of active disease. In periods of remission, there was a reduction in autoantibodies against U1-70, U1-A, Sm-B ⁄ B¢, and U1-C (51). Antibodies against U1-70K, which were once detectable by ELISA, were no longer measurable during periods of long-term remission or improvement (51) . This study supports a correlation between the presence of anti-U1 autoantibodies and disease activity.
In a longitudinal study evaluating SLE serum samples for autoantibody reactivity prior to clinical presentation of disease up through presentation, anti-RNP autoantibodies were first detected close to the time of clinical disease onset (57) . AntisnRNP autoantibodies were detected on average 1.2 years before diagnosis (compared to 3.4 years for autoantibodies against Ro or La), in a phase the authors term 'pathogenic autoimmunity' (57) . How the presence of these autoantibodies contributes to pathogenesis in connective tissue diseases is still poorly understood. Are anti-RNP antibodies themselves pathogenic? What clinical symptoms develop because of the anti-RNP response, and what disease processes are potentially causing anti-RNP autoimmunity? While we do not directly address these questions here, as this is an extensive topic and longstanding discussion in the field, some studies suggest that clinical features can influence the autoantigenicity of U1-snRNP, which is relevant to our discussion.
A correlation between anti-RNP reactivity and the presence of Raynaud's phenomenon has been reported (58, 59) . Sera from patients with Raynaud's phenomenon recognize oxidative fragments of U1-70K (60) . This observation led to the hypothesis that Raynaud's phenomenon results in ischemiareperfusion with production of reactive oxygen species that modify U1-70K (60) . In another study, a link between anti-RNP autoantibodies and lung injury was investigated in a murine model. Mice normally resistant to lung damage were injected with anti-RNP-containing serum, and subjected to mesenteric ischemia ⁄ reperfusion-induced injury. Mice exposed to anti-RNP sera exhibited a dose-dependent increase in lung damage compared to controls (61) . These data begin to describe how clinical events might induce alterations in autoantigen immunogenecity.
Autoantibody and T-cell epitopes

B-cell epitopes
A number of studies have mapped precisely which epitopes within the U1-snRNP particle, specifically within U1-70K, are recognized by autoantibodies ( Table 1) . The crystal structure of the U1-snRNP complex reveals the structural elements of U1-70K that interact with U1-RNA (7). Not surprisingly, a large portion of U1-70K is accessible to the immune system and maps to linear domains where many autoantibody reactivities are found ( Fig. 2A,C,D) .
The first identification of a B-cell epitope within the U1-70K protein was by Query and Keene in 1987 (62) . Autoantibodies from SLE patients recognized a core consensus sequence ETPEEREERRR in the N-terminal domain of U1-70K (Fig. 2D) . The sequence was also found in the p30gag mammalian retrovirus, introducing the idea that molecular mimicry may be a mechanism underlying autoreactivity to U1-70K (62) . Another group reported that serum autoantibodies derived from SLE patients recognized an epitope located between amino acids 124-372 from U1-70K, with further studies narrowing the region to residues 276-297 (63) . In this study, patients displayed a polyclonal response to multiple epitopes of U1-70K (63) . In another study, epitopes from U1-70K were identified between residues 52-77, 100-156, and 196-259 in patients with SLE, MCTD, and SS (64) . Heterogeneity was observed between individual patients when comparing reactivity to each of these linear epitopes (64) . Additional epitopes have been defined between residues 99-167 (65), and 135-194 (66) ; these epitopes are located in the portion of U1-70K that interacts with U1-RNA (Fig. 2D ). An overlapping peptide screen in the MRL ⁄ lpr mouse revealed that epitope 131-151 of U1-70K is immunogenic for both B cells and T cells (67) . This epitope is within other reported epitopes and is also centrally located within the RNA binding domain of U1-70K (Fig. 2C,D) .
Although many autoantibody epitopes within U1-70K have been reported, it is not surprising that epitopes within the RNA-binding domain consistently appear across studies (68) . Similarly, autoantibody epitopes identified within the U1-A protein are contained within the RNA binding domains, suggesting that intramolecular epitope spreading may occur between U1-70K and U1-A (68, 69). The RNP consensus sequence found in U1-70K is also found in U1-A between residues 52-59. In a study that mapped U1-A epitopes using overlapping peptides, a peptide within the RNA binding domain, 35-58, was recognized by 94% of MCTD patient sera and by 19% of SLE sera (69) . Other shared epitopes between U1-70K and U1-A have been reported and include a region of U1-A localized between residues 103-108, and in U1-70K between residues 68-72. In one study, 10 of 13 SLE patient sera were bound both of these epitopes (70) . It is possible that patient sera contain autoantibodies that are cross-reactive to epitopes on U1-70 and U1-A, or that autoantibodies to RNP epitopes result from epitope spreading and T-cell help. Autoantibody epitopes have been described for the protein U1-C. Major regions identified include epitopes at the N-terminus of the protein from amino acids 5-48 and at the C-terminus between residues 97-133 (71) . In a study that isolated monoclonal autoantibody fragments against U1-C from either semi-synthetic or patient-derived antibody libraries, both U1-C specific and crossreactive antibodies were identified (72) . Four of the U1-C specific antibodies recognized the N-terminal region between residues 30-63. Two crossreactive and one specific antibody bound to the C-terminal portion of U1-C from 98 to 126, where the crossreactive antibodies also recognized the proline-rich region of U1-A from residues 187-204 (72).
T-cell epitopes
T-cell epitopes have been defined within the U1-snRNP complex using overlapping peptide screens (73) , recombinant portions of individual RNP polypeptides, and elution of peptides from MHC molecules (74) ( Table 2 . In addition, autoantibodies directed against U1-70K were detected at later stages of disease in these mice to at least 25 weeks of age (77) . Another strategy to define T-cell epitopes has been to generate T-cell clones from human patients. This approach has proven useful for analyzing TCR a and b chain usage. In general, conserved TCR gene usage and common motifs provide evidence of antigen-driven T-cell autoimmunity. For example, in Type 1 Diabetes (T1D), over half of the T-cell clones expanded from pancreatic draining lymph nodes from patients were found to express the same Vb chain (78) . In comparison, very few T-cell clones from controls utilized the same V genes, suggesting that clonal expansion of T cells had occurred in the T1D patients (78) . In patients with connective tissue diseases (CTD), U1-70K specific T-cell clones have been isolated and displayed limited Vb gene usage (79) . In other studies, T-cell clones recognizing U1-70K were isolated and found to utilize a range of TCRVa and Vb genes; however, common motifs were found in the CDR3 of the Va chain, suggesting selection of T cells by a common epitope (80) . Across another panel of U1-70K specific T-cell clones, a significant double-glycine motif emerged in the J region of the a chain in 23 out of 32 clones (81). The authors hypothesized that this particular sequence may be important for flexibility in binding the antigen epitope (81) .
T-cell clones have also been useful for defining T-cell epitopes, cytokine production, and the frequency of autoreactive T cells. T-cell clones generated from CTD patients recognized peptides within the RNA binding domain of U1-70K located between residues 92-202 (82) . Many of these T-cell clones showed restriction to HLA-DRB1*0401 based on blocking experiments with monoclonal antibodies against the HLA framework (82). T-cell clones against U1-70K that were isolated from CTD patients produced interferon c (IFNc), interleukin-2 (IL-2), and variable amounts of IL-4 and IL-10 (83).
Autoreactive T cells that recognize peptides from U1-A have been detected in MRL ⁄ lpr mice. T cells proliferated in response to bone marrow-derived dendritic cells pulsed with a peptide from residues 31-50 of U1-A. Interestingly, the main responding T cells were negative for surface expression of CD4 and CD8 (84); these double negative T cells are characteristic of the lymphoproliferation observed in MRL ⁄ lpr mice (85) . In another study, bone marrow-derived dendritic cells pulsed with U1-A were administered in vivo to non-autoimmune mice, resulting in activated autoreactive T cells and anti-U1-A autoantibodies (86) . In humans, T cells isolated from MCTD patients that recognized U1-A were found at an estimated frequency of 1 in 4065 to 1 in 23 256 PBMCs (87) . In this study, all 12 MCTD patients, and 5 out of 6 SLE patients, all of whom were positive for anti-RNP, responded to recombinant U1-A in T cell proliferation assays (87) .
Based on these studies, T-cell reactivity is consistently observed against the RNA-binding domain of U1-70K and U1-A (67, 77, 82, 84, 88) . This RNA-binding region in both molecules is also a critical target for autoantibody reactivity, suggesting it may promote epitope spreading within the T-cell and B-cell compartments (89). 
Mechanisms of U1-snRNP immunogenicity: epitope spreading
It is well known that T cells provide help to antigen-specific B cells through a cognate interaction, whereby B cells process whole antigen and present fragments of the antigen to T cells in an MHC-restricted manner (90) . This cognate interaction plays an important role in how autoantibodies are generated and how T-cell tolerance is broken to certain antigens. Such a mechanism was demonstrated in vivo for U1-snRNP. B cells were obtained from mice immunized with an snRNP crossreactive antigen and transferred into naïve mice boosted with native snRNP. These B cells induced autoreactive T cell activation in the naive hosts (91) . In MRL ⁄ lpr mice deficient for CD40L, there is no detectable anti-RNP response (92), providing further evidence that anti-RNP autoimmunity is T-cell dependent. It was recently shown that CD4 + T cells are sufficient to induce anti-RNP autoimmunity and tissue damage in a disease model of MCTD, in part depending upon the APCs co-transferred with the T cells (93) . The importance of T-cell help is also supported in the human SLE literature. T-cell help through secreted factors was required for autoantibody production against heterogenous nuclear RNP (hnRNP) in in vitro co-cultures of autologous B and T cells (94) . In another study, autoreactive T-cell clones derived from SLE patients responded to autologous B cells in an HLA class II-restricted manner and provided help to produce both antigen-specific antibodies and to support polyclonal B-cell activation through the production of IL-6 (95).
Evidence exists supporting the concept that B-cell or T-cell reactivity to a single epitope of an autoantigen can result, through multiple mechanisms, in recognition of many epitopes (68) . The spread of reactivity can occur within a single antigen to multiple epitopes on the same protein (intramolecular spreading). Reactivity initially against one polypeptide can also extend to other polypeptides or proteins within a greater macromolecular complex (intermolecular epitope spreading) (68) . Epitope spreading, both within a protein and within a larger complex, are observed in the anti-U1-snRNP response (68, 96) . Why would the U1-snRNP particle be particularly susceptible to mechanisms of epitope spreading? We have seen that both B-cell and T-cell epitopes exist within the U1-snRNP particle. In addition, the molecules that comprise the U1-snRNP are physically attached, and common motifs, like RNA-binding sequences, are found in multiple proteins within the particle. These intrinsic features of the U1-snRNP help to explain why spreading of autoantibody reactivity to multiple epitopes within the particle is observed.
How the spread of reactivity occurs is the topic of a number of reviews on epitope spreading in autoimmunity (68, (96) (97) (98) . Some mechanisms thought to be involved in the spread of reactivity include molecular mimicry, modified forms of antigens, cross-reactive B-cell epitopes, immune complexes, and 'intrastructural' T-cell help (98) . In this section, we review the intrastructural T-cell help hypothesis, which requires that molecules within a complex be physically attached, and we discuss how sequence homology between proteins within U1-snRNP could lead to the spread of autoreactivity.
In the intrastructural T-cell help hypothesis, B cells process and present peptides to T cells, where the peptides are derived from an antigen complex with components that are physically linked. B cells reactive to one portion of the complex receive help from T cells that recognize another component. Evidence for intrastructural spreading was demonstrated in mice immunized with human U1-A and intact snRNP particles. Immunized mice developed antibodies against U1-A, U1-70K, and Sm-B ⁄ B¢, suggesting that initial reactivities against U1-A spread to other proteins in the snRNP particle. When snRNP particles were disrupted by digestion with ribonuclease and administered with human U1-A, antibody reactivities were only observed against U1-A, and not against U1-70 or Sm-B ⁄ B¢ (99) . In another study, immunization with the various proteins from the U1-snRNP complex yielded distinct patterns of autoantibody reactivity. Immunization with U1-A resulted in autoantibodies against U1-A, U1-70, Sm-B, but not to Sm-D. Immunization with Sm-D generated autoantibodies specific for U1-A and Sm-B (100). Taken together, these data indicate that the spead of reactivity between proteins physically linked in the U1-snRNP is not a random process.
The order in which autoantibodies against U1-snRNP appear has been studied in mice and humans and was different between species, In MRL ⁄ lpr mice the first anti-U1-snRNP autoantibodies were against U1-A, followed by U1-70, Sm-B ⁄ B¢, and Sm-D (101). Anti-RNP antibodies were of the IgG2a isotype, indirectly implicating T-helper cells in their generation (101) . In contrast, in a cohort of over 3000 SLE patients, the first IgG autoantibodies to appear were directed against U1-70K and Sm-B ⁄ B¢, followed by U1-A, U1-C, and Sm-D1 (102) . The difference in order of anti-U1-snRNP reactivities in mice and humans suggests there may be species-specific mechanisms involved that affect autoantigen immunogenicity and epitope spreading.
Another way in which orderly epitope spreading could occur within the U1-snRNP complex is due to sequence homology. The RNA binding motif (RNP1) is thought to be central for autoreactivity against U1-snRNP (68). RNP1 motifs are found in U1-70K, U1-A, and in other RNA-containing antigens, including the U2-snRNP specific protein B¢¢, and the 60 kDa SS-B (La) antigen (69) . In fact, U1-A contains 77% and 86% sequence homology with U2-snRNP B¢¢ between U1-A residues 4-98 and B¢¢ 7-101, and between U1-A 206-283 and B¢¢147-225, respectively (69) . Reactivity initially directed against the RNA-binding domain of U1-70K for example, could spread to additional epitopes on U1-70K, and to other proteins that have the RNP1 motif within the U1-sRNP particle, or to other polypeptides that contain and RNP1 domain (68) . Antigen-presenting cells (APCs) that present epitopes containing the RNP1 motif to T cells would in turn activate B cells to produce antibodies against the RNP1 domain (Fig. 3A,B) . As described above in the intrastructural T-cell help hypothesis, B cells that recognize one component of the particle may receive help from T cells that are specific for another epitope (98) (Fig. 3C) . It is also possible that B cells internalize the antigen complex through the B-cell receptor (BCR) and process and present new epitopes to T cells in an MHC-restricted manner (68) (Fig. 3D) . Monneaux and Muller (68) proposed that T cells specific for even one epitope within the RNP1 motif could initiate epitope spreading and would be considered 'driver T-cell clones'. Such a T cell would express a high affinity T-cell receptor (TCR) and produce pro-inflammatory products upon activation (68) .
Apoptosis-induced modifications
It is thought that proteins modified during apoptosis can be presented to the immune system in ways that bypass tolerance to self-proteins (103, 104) . Our laboratory recently reviewed the possible sources of autoantigens and the mechanisms leading to their recognition by the immune system in autoimmune diseases (105) . Briefly, the generation of new forms of autoantigens can occur through cleavage by caspases or granzymes, interferon-inducible expression of untolerized forms of self-antigens, alternative mRNA splicing, and phosphorylation or oxidative events, among others (105) . The U1-snRNP complex may become immunogenic through a number of mechanisms, several of which may be intrinsic to the structure of the particle itself. Alterations to U1-snRNP during apoptosis are one such mechanism. As described below, modifications to U1-snRNP are in some cases unique to this particle ( Table 3) .
A seminal experiment by Casciola-Rosen and colleagues (106) demonstrated that in the setting of UV-induced apoptosis, autoantigens cluster at the surface of the cell membrane in distinct apoptotic blebs containing snRNPs. This work revealed that the relocalization from the nucleus to the cell membrane during apoptosis could make autoantigens more available for recognition by B cells, T cells, and APCs that engulf and present apoptotic material (103) . Cells stained with antibodies directed against a phosphorylated form of U1-70K showed localization of the modified version of U1-70K in large clusters of apoptotic bodies at the membranes (107) , demonstrating that modified forms of U1-70K relocalize during apoptosis.
While relocalization is not unique to U1-70K, protein-specific modifications of U1-70K occur during apoptosis. The structure of the U1-snRNP reveals that U1-70K wraps around the core of the particle and contains a portion that protrudes outward where it binds to U1-RNA (7). Phosphorylation of U1-70K occurs at serine residue 140 and is an early apoptotic event (107) . Serine 140 is located within the RNA binding domain of U1-70K and is thought to be central to the autoimmune response in SLE and MCTD (107) (Fig. 2B,D) . Other phosphorylation events associated with the U1-snRNP have been reported. Our group tested a panel of sera from patients with SLE for the ability to precipitate phosphoproteins from apoptotic Jurkat T-cell lysates. Sera known to react with U1-snRNP precipitated a phosphoprotein complex (pp54, pp42, pp34, and pp32) from cells undergoing apoptosis (30) . These proteins subsequently were identified as serine ⁄ arginine-rich splicing factors (SR proteins) that are phosphorylated during apoptosis, associate with the U1-snRNP, and are commonly recognized by patient sera (108) .
In addition to phosphorylation events, U1-70K is specifically cleaved in apoptotic cells by caspase-3 between residues Asp341 and Gly342 (109, 110) . This results in the generation of a 40 kDa fragment of U1-70K that remains associated with the U1-snRNP complex (109, 111) (Fig. 2D) . Proteolysis of U1-70K is concordant with the appearance of cells that have apoptotic morphology (109) . Another specific alteration of U1-70K was demonstrated when keratinocytes were subjected to ultraviolet irradiation, resulting in the formation of covalently-associated complexes of U1-RNA and U1-70K that were recognized by autoantibodies from patient sera (112) . In SLE patients, photosensitivity is a diagnostic criterion, and UV exposure can initiate and exacerbate skin lesions (113) . The dose of UV radiation used to induce the covalent U1-70K ⁄ U1-RNA species was physiologic, suggesting that these new complexes may occur in vivo in response to normal UV exposure. In addition, the U1-RNA molecule undergoes a specific modification during apoptosis that removes the first 5-6 nucleotides (111) . No obvious apoptosis-specific modifications to U1-A or U1-C have been described (111) .
Autoantibodies in patient sera have been shown to recognize apoptotically modified forms of U1-70K. Recombinant single chain autoantibody fragments were generated from patient-derived phage display antibody libraries and preferentially bound to the 40 kDa apoptotic cleavage product of U1-70K (114) . In another study, sera were tested against intact versus apoptotic forms of U1-70K in the presence of competing full-length protein. Fifteen of 29 patient sera recognized the apoptotic form, indicating that the apoptotic form of U1-70K is a distinct target of the autoimmune response (115) . In a study of 53 MCTD patients, serum from 54% of patients had autoantibodies that preferentially targeted the apoptotic form of U1-70K over the intact form, in particular New complex formation UV-induced RNA ⁄ U1-70K complexes (112) during early stages of the disease (116) . It is unclear yet whether recognition of apoptotic forms of U1-70K have implications for diagnosis, prognosis, or response to therapy. Given that cellular mechanisms during apoptosis can generate immunogenic autoantigens, it is not surprising that abnormalities in apoptosis have been observed in SLE (103, 117) . The percentage of apoptotic cells from 34 SLE patients compared to RA patients and controls was found to be higher directly ex vivo, and in vitro lymphocytes underwent apoptosis at a faster rate (118) . Another study demonstrated a significant increase in the percentage of early apoptotic cells in peripheral blood of SLE patients compared to normal healthy controls (13.68% and 5.62%, respectively) (119). Autoantibody reactivity to modified forms of U1-70K has been shown to correlate with clinical disease manifestations. Serum autoantibodies from patients with lupus skin disease recognized apoptotically modified U1-70K to a greater extent than sera from patients without skin disease; sera from patients with Raynaud's phenomenon contained autoantibodies that recognized U1-70K modified by oxidative stress (60) .
In summary, apoptotic mechanisms can modify autoantigens in ways that make them recognizable to autoreactive adaptive immune cells.
U1-RNA as a TLR ligand
The inflammatory immune response in SLE and other CTDs is in part mediated by TLRs. The role of TLRs in autoimmune disease has been reviewed in great detail elsewhere (120, 121) . Importantly, TLR9 and TLR7 interact directly with DNA and RNA molecules, respectively (122, 123) . TLRs also interact in specific ways with the nucleotide content of DNA-and RNA-containing autoantigens. In lupus-prone mice, the production of anti-dsDNA and anti-chromatin autoantibodies requires TLR9 and engagement through the BCR (124, 125) . This 'two receptor paradigm' was also demonstrated for RNAcontaining antigens which stimulate autoreactive B cells to produce autoantibodies through BCR and TLR7 engagement, a response that was enhanced by the cytokine IFN-a (125) . The fact that U1-snRNP contains its own unique RNA molecule suggests this mechanism may be involved in the autoimmune response against the U1-snRNP, and is closely connected with the production of type-I interferons (IFN-I) .
Levels of IFNs are increased in the serum of SLE patients and show a good correlation with disease activity (126) . Gene expression profiling of PBMCs derived from SLE patients reveals an interferon inducible gene signature that correlates with SLEDAI scores (127) . IFN-induced chemokines were also recently shown to correlate with disease activity, organ damage, and autoantibody patterns in SLE (128) . Interestingly, the expression of IFN-a induced genes significantly correlated with the titer of antibodies against RNA binding proteins in SLE patients (129) (130) (131) .
The role of TLR7 and interferons in the development of anti-U1-snRNP autoimmunity has been studied in a number of mouse models of lupus. TLR7 is required for the generation of antibodies against RNA-containing antigens in MRL ⁄ lpr mice (132) . In the pristane model of lupus, mice that are injected with the mineral oil pristane develop anti-U1-snRNP autoantibodies and inflammatory kidney disease (133) . Our laboratory has shown that STAT1 and IRF9, critical mediators of downstream IFN-I signaling, are required for the production of IgG autoantibodies against components of the U1-snRNP in pristane-treated mice (134) . In particular, the IFN-I signaling pathway was critical for isotype switching to the pathogenic IgG2a isotype (134) . The defects in isotype switching were not attributable to global defects in B-cell activation, signaling, or isotype switching, as ovalbumin (OVA) in complete Freund's adjuvant (CFA) induced isotypeswitched, anti-OVA antibodies (134) . B cells from IRF9
and STAT1
) ⁄ ) mice had specific defects in activation through
TLRs, suggesting defects in TLR7 may account for the lack of isotype-switched autoantibodies (134) . In addition, IFN-I receptor deficient mice (IFNAR1 ) ⁄ ) ) do not produce anti-RNP autoantibodies (135) , and IFNAR2 ) ⁄ ) mice treated with pristane fail to develop autoantibodies against RNA-associated antigen complexes (136) . B cells deficient in IFNAR2 fail to upregulate TLR7 in response to IFN-I (136) . These data suggest a role for IFN-I in driving the autoimmune response to RNA-associated autoantigens through TLR-dependent mechanisms.
The involvement of TLRs in anti-U1-snRNP autoimmunity is likely explained by the ability of the antigen itself to be stimulatory. U1-snRNA acts as an endogenous adjuvant in mice, and is capable of inducing dendritic cell (DC) maturation as well as B and T-cell activation, resulting in antigen-specific autoimmune responses. Pretreatment of U1-RNA with RNase or co-administration with a TLR-7 antagonist inhibits this effect, suggesting that TLR7 is directly involved in the U1-RNA adjuvant effect (137) . In addition, it has been shown that U1-RNA induces IFN-a production in monocytes isolated from PBMCs, possibly through immune complex formation (138) (Fig. 4A) . U1-RNA induced activation of a human cell line transfected with TLR3, a different RNA sensor. The activity was abolished with RNase treatment of the antigen (139) . Immunization of C57BL ⁄ 6 mice transgenic for HLA-DR4 with the U1-70K peptide 63-205 and U1-RNA, led to the development of autoantibodies specific for U1-70K, and the development of pulmonary inflammation (140) . The dependence on TLRs was investigated in TLR3
) ⁄ ) mice, where lung disease did not develop. However, the mice unexpectedly developed antidsDNA autoantibodies and nephritis. Further studies suggested that U1-RNA was activating proinflammatory cascades through TLR7 (140) . These data suggest that the tissue-specific inflammatory milieu somehow also contributes to end-organ damage, perhaps explaining why SLE and MCTD patients develop nephritis, interstitial lung disease, or myositis. In many of these studies, B cells had the intrinsic capacity to produce autoantibodies through stimulation of the BCR and TLRs in a T-cell-independent manner (Fig. 4A,B) . In the AM14 transgenic B-cell system, for example, B cells recognize RF, and T-cell-independent autoantibody responses occur in extrafollicular sites through a MyD88-dependent mechanism (141) . While T cells may not be required in some cases to generate autoantibodies, these examples do not exclude a role for T cells in the anti-U1-snRNP response. The interaction between B and T cells may still be important for the diverse response that results from epitope spreading (Fig. 4C) .
Another role for T cells may be to enable autoreactive B cells to overcome anergy (142) . This mechanistic hypothesis was explored in a recent review (143) . Most likely, multiple mechanisms, both T-cell dependent and independent, contribute to the immune events that result in U1-snRNP autoreactivity.
Future directions
Antigen-specific therapies A major goal in the field is to apply what has been learned about B-cell and T-cell specificities to the generation of antigen-specific therapies that will directly target inappropriate immune responses. To this end, Muller et al. (144) identified a phosphorylation modification of residue serine 140 of the U1-70K peptide 131-151 (P140) that tolerized MRL ⁄ lpr mice. Mice administered the P140 peptide intravenously had decreased proteinuria and anti-dsDNA antibody production, and prolonged survival (144) . Tolerization may extend to affect intermolecular epitope spreading (89) . T cells from mice that were administered P140 no longer proliferated ex vivo to recall antigens, including a peptide from Sm-D1, but retained the ability to respond to an influenza epitope (89) . The mechanism of P140-induced tolerance is not defined. A (147) . SLE disease activity index (SLEDAI) scores were lower in the low dose group, and it was concluded that the treatment was safe, tolerable, and potentially efficacious (147) . If this therapeutic approach proves successful, it will be a meaningful step towards antigen-specific therapy in SLE and MCTD. The Sm proteins have also been candidates for tolerizing therapies. In a series of in vivo tolerizing studies, the peptide 83-119 from the Sm-D protein was administered in (NZB · NZW)F1 mice. Mice treated with the peptide demonstrated a delay in autoantibody production and prolonged survival (148) . Cytokine expression in T-cell cultures was altered following peptide therapy, showing a decrease in IFNc and IL-4, and an increase in TGFb. When tolerized T cells were adoptively transferred, naive T cells proliferated less in response to anti-CD3 stimulation. In addition, a high proportion of IL-10-expressing T cells was observed, which suppressed autoantibody production by B cells in co-culture experiments (148) . These studies demonstrate the potential for antigen-specific therapies that target T-cell responses, and the need to understand the immune mechanisms that tolerizing therapies employ.
DNA vaccination with lupus autoantigens, and in particular with the Sm antigens, has shown potential in the induction of antigen-specific tolerance. In these experiments, mice treated with pristane were administered a DNA plasmid encoding Sm proteins, together with either IL-10 or IFNc encoding plasmids. Mice treated with the DNA vaccine and IL-10 produced lower levels of anti-U1-RNP and anti-Sm autoantibodies and had significantly less proteinuria (B.T. Marquez et al., personal communication). DNA vaccines as potential therapies in autoimmune disease have been reviewed elsewhere (149) and remain an area of active research in the field.
Tetramers to detect antigen-specific T cells
Although we have learned a great deal about antigen-specific T-cell responses, a peptide-MHC tetramer reagent to detect antigen-specific T cells in SLE or MCTD has not been described. Generating recombinant MHC class II molecules loaded with relevant autopeptides has proven difficult due to the challenges in making stable complexes in high concentration. However, such a reagent will allow single cell studies and sorting of antigen-specific T cells by FACS, which will be important for answering questions of frequency, phenotype, and function. A tetramer reagent will be particularly useful for tracking T-cell responses to antigen-specific therapies, including tolerizing peptide therapies and DNA vaccines that are thought to impact the T-cell compartment. Once a single peptide-MHC tetramer is validated, an obvious extension will be to generate a panel of peptide-MHC tetramers, each loaded with a different peptide epitope. Newell et al. (150) described a method for the simultaneous detection of multiple T-cell specificities using combinations of tetramers. This work was demonstrated in humans, and while MHC class I molecules were used, it may be possible to extend this approach to class II tetramers.
Autoantigen arrays to monitor autoantibody reactivities
Given the clinical and serologic overlap of many rheumatic diseases, a comprehensive patient evaluation involves screening for reactivity against multiple antigens. The need to test for autoantibodies to multiple autoantigens served as a natural motivation for the development of autoantigen arrays (151, 152) . Autoantigen array methodology has been extensively reviewed elsewhere (153, 154) . Briefly, planar autoantigen arrays involve printing, immobilizing, or synthesizing in situ hundreds to thousands of potential autoantigens on a slide, where an antigen is identified by its spatial address on the array. The arrays can then be probed with any sample containing Ig, including serum, cerebrospinal fluid, synovial fluid, or purified monoclonal antibodies. After washing, slides are probed with a fluorophore-labeled secondary antibody to detect bound Ig, thus identifying an autoantibody 'signature' for that sample (Fig. 1G) . Autoantigen arrays including U1-A, U1-C, U1-70K, Sm, dsDNA, and many other autoantigens have been previously described (152) . Although there are still technical aspects that need optimization (133, 155) , planar autoantigen arrays are an invaluable research tool that may evolve into a clinical tool. Overall, autoantigen arrays use less serum (on the order of 1-2 ll) than serial single-plex assays, identify multiple reactivities simultaneously, permit isotyping, and allow for identification of novel reactivities (151) (152) (153) (154) 156) . In the future, arrays of modified synthetic peptides may facilitate better understanding of the post-translational modifications targeted by autoantibodies. Our laboratory has recently detected autoantibodies specific for post-translationally modified autoantigens in SLE sera using peptide arrays (C. L. Liu and P. J. Utz, unpublished results).
While the first iterations of autoantigen microarray technology involved autoantigens arrayed onto a coated microscope slide, bead-based arrays have subsequently emerged (157, 158) . In contrast to the planar array format, which identifies antigens by a coordinate on the slide, bead-based arrays use optically encoded microspheres to identify individual antigens that are coupled to the bead. Current bead array technologies can measure hundreds of analytes simultaneously, although in practice they are more typically approximately 20-plex assays. Bead-based platforms have their own set of challenges (157) (158) (159) , but the main theoretical advantages of this technology include improved coating of the antigen and the ability to perform all steps in fluid-phase without antigen dessication. There is currently an FDAapproved, multiplex bead-based, flow-cytometry assay that measures antibodies to RNP, Sm, and dsDNA, among other autoantigens (Fig. 1H) . While this is a move toward multiplex assays for diagnosis of rheumatic disorders, there is still much progress to be made.
Assays to detect anti-U1-snRNP autoantibodies are used routinely in rheumatology clinics to assist in the diagnosis of SLE and are central to the diagnosis of MCTD. Therefore the accuracy and precision of these assays are important considerations for clinicians and scientists. Technical issues will still need to be addressed before moving multiplex assays to detect autoantibody reactivities firmly into the clinical arena, including development of appropriate reference sera for more accurate and reproducible measures.
Conclusions
Autoimmunity against the U1-snRNP particle is prevalent in patients with rheumatic diseases, yet it is still not clear why it becomes an immune target in some patients and not others. Based on understanding the structure of this antigen and the ways in which it becomes immunogenic, we propose that the U1-snRNP plays a central role in autoimmune pathogenesis in a subset of SLE patients and in most if not all patients with MCTD. Both the U1-RNA component and the specific proteins, particularly U1-70K, engage immune cells and their receptors in a complex network of interactions that ultimately lead to widespread autoimmunity, inflammation, and tissue injury.
Based on the complexity and overlapping features of these diseases, we find that large-scale efforts to study many factors within the peripheral blood of individual patients in a highthroughput fashion are incredibly important. However, developing multiplex assays to characterize autoantibodies in the clinic or to detect autoreactive T-cell specificities will not be trivial. It may also be a useful exercise to focus on reactivities and responses against one particular antigen to gain a better understanding of the mechanisms underlying antigen specific autoreactivities. Due to the inherent structural properties of the U1-snRNP that make it immunogenic and the correlations cited between U1-snRNP and certain clinical settings, this RNP complex is an excellent candidate for extensive evaluation. In addition, the population of MCTD patients, although rare, guarantees a patient group with prominent anti-U1-snRNP reactivity. If we begin to understand the nuances in interactions between an immunogenic autoantigen and an individual's immune system across many patients within a cohort, we will gain insight into designing antigen-specific therapies that could effectively target autoimmune responses, and guide the immune system back toward a tolerized state.
